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r'  Polyani  line-  an'd  poly  (3-methyl  thiophene) -based  transi  tors  are 
demonstrated  to  amplify  electrical  signals  at  frequencies  exceeding  100  Hz. 

The  amplification  of  sinusoidal  signals  to  the  gate  is  established  by  showing 
the  ratio  of  the  average  power  in  the  drain  circuit  to  that  in  the  gate 
circuit  exceeds  unity.  For  the  devices  measured  the  amplification  factor 
falls  to  unity  between  100  and  1000  Hz.  Measurements  have  been  carried  out  at 
298K  for  the  microelectrochemical  transistors  immersed  in  aqueous  or  ' 

non-aqueous  electrolyte  solutions.  The /'transi s tors  consist  of  a  pair  of  Au  ^ 
(or  Pt)  microelectrodes  H50^u^  long  x(^2(umwide  x  ,^0. 1/ unf  hi  gh)  connected  by 
the  redox  polymer.  The  two  mi  croelectrodes  serve  as  ^source*  and  rdrain*  and 

the  polymer  serves  as  the  ^channel*  of  the  device.  The  potential  difference 

_ 

between  source  and  drain  is  the  drain  potential,  Vq,  and  current.  Id,  flows  j 

between  source  and  drain  for  gate  potentials,  Vq,  where  the  polymer  is  j 

conducting.  The  gate  current,  Iq,  is  associated  with  the  charge  needed  to 
oxidize  and  reduce  the  polymer  to  change  its  conductivity.  The  amplification 
factor.  A,  is  determined  at  a  given  frequency  by  measuring  Iq  (at  fixed  Vq) 
and  Iq  vs.  time  for  sinusoidal  variation  in  Vq  between  a  potential  where  the 
device  is  off  and  a  potential  where  the  device  is  on.  Id  and  Iq  are  measured 
as  a  function  of  frequency  to  determine  the  frequency  dependence  of  the 
average  power  in  the  drain  and  gate  circuits.  The  maximum  frequency  for  A  >  1 
is  limited  by  (1)  the  conductivity  changes  of  the  polymer  as  a  function  of  the 
state  of  charge  (2)  the  volume  of  redox  polymer  used  to  make  the  device,  and 
(3)  the  charge  transport  properties  of  the  polymer.  The  results  suggest  that 
power  amplification  at  frequencies  that  significantly  exceed  10^  Hz  is 
possible  for  mi croelectrochemi  cal  devices. 
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Abstract 

Polyanlline- and  poly  (3-methyl  thiophene) -based  transitors  are 
demonstrated  to  amplify  electrical  signals  at  frequencies  exceeding  100  Hz. 

The  amplification  of  sinusoidal  signals  to  the  gate  is  established  by  showing 
the  ratio  of  the  average  power  in  the  drain  circuit  to  that  in  the  gate 
circuit  exceeds  unity.  For  the  devices  measured  the  amplification  factor 
falls  to  unity  between  100  and  1000  Hz.  Measurements  have  been  carried  out  at 
298K  for  the  microelectrochemical  transistors  immersed  in  aqueous  or 
non-aqueous  electrolyte  solutions.  The  transistors  consist  of  a  pair  of  Au 
(or  Pt)  mi croelectrodes  (~50  urn  long  x  ~2  urn  wide  x  ~0.1  um  high)  connected  by 
the  redox  polymer.  The  two  mi  croelectrodes  serve  as  "source"  and  "drain"  and 
the  polymer  serves  as  the  "channel"  of  the  device.  The  potential  difference 
between  source  and  drain  is  the  drain  potential,  Vq,  and  current,  Iq,  flows 
between  source  and  drain  for  gate  potentials,  Vq,  where  the  polymer  Is 
conducting.  The  gate  current.  Iq,  Is  associated  with  the  charge  needed  to 
oxidize  and  reduce  the  polymer  to  change  its  conductivity.  The  amplification 
factor.  A,  is  determined  at  a  given  frequency  by  measuring  Iq  (at  fixed  Vq) 
and  Iq  vs.  time  for  sinusoidal  variation  in  Vq  between  a  potential  where  the 
device  is  off  and  a  potential  where  the  device  Is  on.  Iq  and  Iq  are  measured 
as  a  function  of  frequency  to  determine  the  frequency  dependence  of  the 
average  power  In  the  drain  and  gate  circuits.  The  maximum  frequency  for  A  >  1 
is  limited  by  (1)  the  conductivity  changes  of  the  polymer  as  a  function  of  the 
state  of  charge  (2)  the  volume  of  redox  polymer  used  to  make  the  device,  and 
(3)  the  charge  transport  properties  of  the  polymer.  The  results  suggest  that 
power  amplification  at  frequencies  that  significantly  exceed  103  Hz  Is 
possible  for  mi croelectrochemi cal  devices. 


Introduction 


We  wish  to  report  results  which  show  that  it  is  possible  to  amplify  power 
with  mi  croelectrochemlcal  devices  termed  molecule -based  transl  tors.  1“3  There 
has  recently  appeared  a  review  of  such  new  kinds  of  electronic  devices  based  on 
macromolecular  materials.4  The  mi  croelectrochenri  cal  devices  for  which  power 
amplification  Is  demonstrated  here  are  based  on  the  dramatic  changes  in 
conductivity  associated  with  reversible  electrochemical  oxidation  of 
polyaniline2  or  poly  (3-me  thy '.thiophene) .  3  These  polymers  can  be  formed  via 
electrochemical  oxidation  of  th*-  monomers  aniline®  or  3-methylthl ophene,® 
respectively.  The  polyanl  11  ne-  and  poly  (3-methyl  thiophene) -based  transistors 
are  fabricated2*3  by  electrochemically  forming  the  polymer  on  a  pair  of 
closely  spaced  (~1.2  mn)  Au  ml croelectrodes  (50  tun  long  x  2mn  wide  x  0.1  u 
high)  such  that  the  polymer  connects  the  two  mi  croelectrodes,  as  Illustrated 
In  Scheme  I.  The  new  finding  reported  here  Is  that  It  Is  possible  to  amplify 
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Scheme  I.  Redox  polymer-based  transistor  where  movement  of  the  gate 

potential,  Vq,  from  Vq1  to  Vq2  turns  the  device  on,  Iq  >0,  and 
movement  of  Vq  from  Vq2  to  Vq1  turns  the  device  off,  Iq  -  0,  at  a 
fixed  drain  potential,  Vq.  The  gate  current,  Iq,  Is  associated 
with  the  charge  needed  to  oxidize  and  reduce  the  polymer  connecting 
the  source  and  drain.2*3 


electrical  power  with  the  devices  In  the  sense  that  the  average  power  required 
to  turn  the  device  on' and  off,  the  average  power  in  the  gate  circuit,  Pgate* 
is  less  than  the  average  power  available  in  the  drain  circuit,  P<jra-jn.  The 
ability  to  amplify  power  depends  on  the  frequency  of  the  gate  signal.  The 
devices  have  demonstrated  ability  to  amplify  power  for  frequencies  below  1  kHz, 
but  there  is  the  prospect  of  making  significantly  faster  nri croelectrochemi cal 
transistors  using  mi crofabri cati on  techniques  to  reduce  the  volume  of  redox 
polymer  needed  to  connect  source  and  drain  and  to  make  the  distance  between 
source  and  drain  smaller  than  the  ~1  pm  used  so  far.1_3 

Power  Amplification  and  Frequency  Dependence 

Demonstration  that  it  is  possible  to  amplify  power  with  the  device 
represented  in  Scheme  I  involves  making  measurements  of  the  gate  current,  Iq, 
vs.  gate  potential,  Vq,  and  of  drain  current,  Iq,  vs.  time  at  fixed  drain 
potential,  Vp,  for  a  sinusoidal  variation  of  Vg  from  Vq1,  where  the  device  is 
off  (Iq  =  0),  to  Vq2  where  the  device  is  on  (Id  >  0)  and  back  to  Vq1.  Figure  1 
illustrates  the  kind  of  data  required  to  assess  power  gain  for  a 
poly (3-methyl thiophene) -based  transistor  at  a  frequency,  f,  of  1  Hz.  The 
amplification  factor.  A,  is  taken  to  be  the  ratio  of  Pdrain  t0  Pgate*  equation 
(I).  Whenever  the  value  of  A  exceeds  one,  power  gain  is  realized.  The  value 

Power  Amplification  Factor  =  A  *  pdrai negate  (I) 

of  A  depends  on  f,  because  the  value  of  Pgate  Increases  as  f  increases.  In  the 
best  case  Pgate  Increases  linearly  with  f,  because  Iq  increases  linearly  with 
the  voltage  sweep  rate  for  electrodes  modified  with  redox  active  polymers.7 
In  such  a  case  A  is  proportional  to  f~l.  Often,  however,  surface-confined 
redox  polymers  do  not  give  a  linear  relationship  between  Ig  and  f  particularly 


at  high  f,  because  charge  transport  through  polymers  is  relatively  slow. 8 
Generally,  slow  charge  transport  can  be  attributed  to  a  combination  of  slow 
electron  exchange  between  sub-units  of  the  polymer  and  ion  movement  into,  or 
out  of,  the  polymer  to  balance  charge.  Charge  transport  through  a  redox 
polymer  is  sometimes  found  to  be  a  diffusion  process,  and  the  value  of  Iq  is 
then  proportional  to  the  square  root  of  the  voltage  sweep  rate.  The 
consequence  of  low  values  of  the  diffusion  coefficient  for  charge  transport, 
Dct,  is  that  at  some  value  of  f,  the  redox  polymer -based  device  will  not  be 
turned  "on"  to  the  maximum  value  of  Iq  for  a  given  value  of  Vq.  The  point  is 
that  the  "best  case"  f  dependence  of  A  Is  an  f”l  dependence,  and  low  Dct  values 
can  complicate  matters  further  because  the  device  may  not  switch  at  the 
frequency  of  the  gate  signal.  Not  surprisingly,  the  maximum  value  of  f  where  A 
>  1  will,  in  general,  depend  on  the  nature  of  the  polymer  and  parameters  that 
affect  its  charge  transport  properties.  For  so-called  conducting  polymers  like 
polyaniline  or  poly  (3-methyl  thiophene)  the  factors  affecting  switching  speed 


have  not  been  fully  elaborated,  but  since  the  process  is  electrochemical  the 
factors  affecting  conventional  redox  polymers**  will  likely  also  influence  the 
properties  of  conducting  polymers. 

Interestingly,  for  a  given  polymer  under  set  conditions  a  redox 
polymer-based  transistor  will  have  a  maximum  f  where  A  >  1  that  depends  on  the 
geometry  of  the  device.  This  follows  from  the  following  considerations. 

First,  the  maximum  value  of  Pdraln  is  directly  proportional  to  the  maximum 
value  of  Iq ;  Iq  Increases  for  smaller  source-drain  separations.  Thus,  larger 
values  of  A  would  be  possible  by  using  submicron  nri  crofabrl  cation  techniques 
to  place  the  source  and  drain  closer  together  than  in  devices  fabricated  so 


far.l"3  Second,  the  maximum  value  of  Pgate  (for  the  best  case)  is  directly 
proportional  to  the  amount  of  redox  polymer  that  is  used  to  connect  source 
and  drain.  Again,  by  using  different  mi crofabri cati on  techniques  it  should  be 
possible  to  change  the  geometry  of  the  device  in  a  way  that  allows  the  use  of 
qualitatively  less  polymer  than  in  the  microelectrochemical  transistors 
described  to  this  time.1-3 
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Results  and  Discussion 

Figure  1  Illustrates  the  characteri  zation  of  a 
poly  (3-methyl  thiophene) -based  transistor  for  1  Hz  operation.  The  transistor 
has  a  source-drain  separation  (gate  length)  of  1.2  pm  and  a  gate  width  of  ~100 
pm.  Thus,  the  area  covered  by  the  polymer  Is  less  than  5  x  10-8  cm2  an(j 
involves  ~10-8  C  to  switch  from  off  (Iq  -  0)  to  substantially  on  (Iq  >  1mA). 
Polymer  thicknesses  corresponding  to  the  charge  passed  in  switching  have  been 
reported  pervi ously2.3  and  are  of  the  order  of  a  few  microns.  As  shown, 
Io(peak)  is  5mA,  and  this  maximum  value  occurs  at  the  maximum  value  of  Vq, 
+0.95V  vs  SCE.  The  Io(peak)  at  1  Hz  is  essentially  the  same  as  obtained  for  Vq 
fixed  at  +0.95V  vs  SCE.  The  iQ(peak)  at  f  *  1  Hz  is  0.31  pA,  much  smaller  than 
Iq  (peak).  Thus,  at  f  =  1  Hz,  A  *  3  x  103.  Figure  2  illustrates  the  f 
dependence  of  P<jra1  n »  showing  that  higher  f  does  give  a  decline  in  Pdrain- 
Further,  Io(peak)  lags  the  VQ(peak)  by  about  a  half  cycle  at  100  Hz.  As  f  is 
increased  Ig(peak)  increases,  but  not  linearly,  resulting  in  an  increase  in 


ioa 


pgate  as  f  Is  increased.  A  falls  to  1.0  between  100  and  1000  Hz.  The  data  in 
Figure  2  show  that  the  poly (3-methyl thiophene) -based  device  only  turns  on  to 
the  maximum  extent  at  the  lowest  f.  Nonetheless,  power  gain  can  be  realized 
for  f  <  103  Hz  for  several  independently  prepared  devices. 

Data  shown  in  Figure  3  and  4  indicate  that  polyanl  11  ne -based  transistors 
can  operate  at  significantly  higher  f  than  the  poly  (3-methyl  thiophene) -based 
device  characterized  by  data  In  Figure  1  and  2.  The  polyanl  li  ne  -based  device 
is  about  the  same  size  as  the  poly  (3-methyl  thiophene) -based  device  and  involves 
about  the  same  amount  of  charge  to  turn  It  on  and  off.  The  significant  finding 
concerning  the  polyanl  11  ne -based  device  Is  that  complete  turn  on  can  be 


achieved  at  >300  Hz;  Io(peak)  is  130  pA,  Independent  of  f.  Figure  3.  Figure  4 
shows  the  relationship  between  A  and  f,  Indicating  that  A  falls  from  ~103  at  1 


Hz  to  ~1  at  1  kHz  frequency.  Figure  4  also  shows  data  relating  Ig  (peak)  and 


*G(peak)  increases  strongly  with  f,  but  not  quite  linearly.  The  somewhat 


mm  m>m$ 


mwm 
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lower  value  of  A  at  1  Hz  for  the  polyaniline-  vs.  the  poly (3-methyl thiophene )- 
based  device  stems  mainly  from  the  difference  in  the  (taxi mum  conductivity  of  the 
polyaniline  vs.  poly(3-methylth1ophene)  that  results  in  a  smaller  Iq ( pea k )  for 
the  polyaniline  system. 

The  relatively  slow  switching  of  the  poly  (3-methyl  thiophene) -based  device 
is  essentially  Independent  of  the  medium  from  CH3CN/0.I  M  [n-Bu4N]C104. 

Increasing  the  electrolyte  concentration  to  0.5  M,  for  example,  does  not  increase 
the  switching  speed.  Likewise,  using  aqueous/0.5  M  NaHS04  (used  for  the 
polyaniline-based  device)  or  aqueous/1.0  M  HC104  leads  to  no  significant  increase 
of  I[>(peak).  Poly  (3-methyl  thiophene)  has  been  noted  previously9  to  be  less 
sensitive  to  the  charge  compensating  anion  than  other  conducting  polymers  such  as 
polypyrrole.  It  has  already  been  established  that  the  steady  state  electrical 
properties  of  poly(3-methylth1ophene)-based  transistors  are  largely  independent  of 
the  medium.3*11* 12  The  medium  effects  on  the  turn  on/turn  off  rate  need  to  be 
examined  in  greater  detail,11  but  the  results  so  far  suggest  that  the 
polyaniline-based  device  is  simply  superior  when  operated  under  the  same 
conditions,  at  least  with  respect  to  the  ability  to  rapidly  switch  the  polymers 
between  the  insulating  and  conducting  states. 


Scheme  II.  Proposed  mi croelectrochemi cal  device  structure  to  minimize  amount  of 
redox  polymer  needed  to  connect  source  and  drain. 
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Complete  turn  on/turn  off  of  the  polyanili ne-based  device  at  1  kHz,  Figure  3, 
is  very  intriguing,  because  this  means  that  a  device  involving  the  use  of  less 
polymer  can  show  A  >  1  at  frequencies  exceeding  1  kHz.  Scheme  II  indicates  one 
device  geometry  that  would  involve  the  use  of  &  smaller  amount  of  polymer  than 
for  the  devices  characteri zed  here.  Scheme  I.  The  energy  required  to  turn  on 
the  poly (3-methyl thiophene)-  or  polyaniline-based  transistor  is  about  10“8  J; 
this  will  also  be  decreased  by  the  use  of  a  smaller  amount  of  redox  polymer. 

Just  how  fast  a  mi  croelectrochemi  cal  transistor  can  be  switched  is  limited  by 
how  fast  the  electrode  potential  can  be  moved. 13  Microelectrodes  (~1  pm 
crucial  dimension)  can  be  potentiostated  in  less  than  10~5  s,  because  the 
double  layer  charging  current  is  small.14  Such  considerations  suggest  that 
power  gain  is  possible  at  significantly  greater  than  the  ~1  kHz  demonstrated 
here.  Work  is  in  progress  to  prepare  devices  having  the  structure  in  Scheme 
II  in  order  to  move  to  higher  frequencies  with  polymer-based  transistors.  In 
competition  against  solid  state  transistors,15  microelectrochemical 
transistors  are  expected  to  be  intrinsically  slower,  because  ion  movement  is 
required  for  switching  whereas  electrons,  not  ions,  move  in  solid  state 
semiconductor  devices.  Thus,  practical  applications  of  microelectrochemical 
transistors  are  limited  to  lower  frequency  operation.  It  would  appear  that 
mi  croelectrochemi  cal  transistors  with  chemically  sensitive  electrical 
characteristics  will  provide  an  opportunity  for  practical  developments. 16  The 
operational  frequencies  established  here  surpass  the  needs  for  many  chemical 
sensor  applications. 
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Figure  1.  Plot  of  drain  current,  Ig,  ( Vq  =  0.2  V)  gate  current,  Iq,  and  gate 
potential,  Vg,  vs.  time  at  a  frequency  of  1  Hz  for  a  poly (3-methyl thiophene )- 
based  transistor  operated  at  298K  in  a  non-aqueous  solvent/electrolyte 
solution.  The  change  in  Yg  is  from  Vq  =  0.0V  vs.  SCE  (device  off,  Iq  =  0)  to 
0.95  vs  SCE  (device  on,  Iq  *  5  mA).  The  value  of  ^  *  3  x  103.  Note  Ip  is 
maximum  at  Vg  =  +0.95  V  vs.  SCE  and  the  maximum  value  of  Iq  is  >95%  of  the  value 
of  I[j  when  Vq  is  fixed  at  +0.95  V  vs.  SCE. 

Figure  2.  Frequency  dependence  of  Iq  for  the  device  characterized  by  data  in 
Figure  1.  Note  that  the  time  axis  is  different  for  each  frequency:  the  Vq  peak 
to  peak  separation  Is  Is,  0.1s,  and  0.01s  at  1,  10,  and  100  Hz,  respectively,  as 
reference  points.  Note  that  the  maximum  value  of  Iq  declines  as  the  frequency 
is  increased  and  the  maximum  turn  on  lags  the  maximum  Vg  as  frequency  Is 
increased.  The  maximum  value  of  Ig  Increases  from  the  0.31  uA  at  1Hz  (Figure 
1),  but  not  linearly,  as  the  frequency  Is  Increased.  The  Integral  of  Ig  vs. 
time  for  one  half  a  cycle  decreases  with  Increasing  frequency  consistent  with 
incomplete  turn  on  reflected  In  lower  Ig  values  at  10  and  100  Hz.  The  value  of 
A  declines  from  ~3  x  103  at  1  Hz,  to  ~250  at  10  Hz,  and  to  ~10  at  100  Hz. 

Figure  3.  Data  as  In  Figure  1  for  a  polyanl line-based  transistor  operated  at 
298K  in  aqueous  electrolyte  at  1,  10,  30,  100,  and  300  Hz.  Note  that  at  all 
frequencies  shown  the  maximum  value  of  Ig  Is  the  same,  130  uA,  Indicating  that 
the  device  turns  on  to  the  same  extent  at  all  frequencies.  The  change  In  Vg  Is 
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0.4  V  from  -0.1V  vs.  SCE  (device  off  ID  =  0)  to  +0.3V  vs.  SCE  (device  on,  Iq  - 
130  nA). 

Figure  4.  Plots  of  the  logio  (iG(peak))  and  logio  amplification.  A,  vs. 
logjo  (frequency)  for  the  polyaniline-based  transistor  characterized  by  the 
data  in  Figure  3. 
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